INTRODUCTION
Genome-wide association studies have identified numerous gene regions that confer susceptibility to type 1 diabetes. 1, 2 With the exception of the human leukocyte antigen (HLA) and the INS gene regions, the contribution of any single locus to type 1 diabetes susceptibility is relatively small. [3] [4] [5] Therefore, although informative with respect to disease mechanisms and drug targets, identification of these susceptibility genes has provided relatively little improvement in disease prediction. [1] [2] [3] [4] [5] Moreover, it appears that there may be differences between cohorts in how much single gene regions contribute to risk and prediction. [6] [7] [8] [9] It is conceivable that although contributions of single genes may be small and inconsistent, the sum of susceptible alleles from multiple gene regions could provide a more universal risk estimate and provide sufficient risk so as to be helpful for risk stratification. 10 Here we have examined how the combination of single-nucleotide polymorphisms (SNPs) within 12 type 1 diabetes-associated gene regions is associated with the initiation of autoimmunity and development of diabetes. We further applied a novel analysis of combinatorial gene risk assessment that aided in identifying gene combinations for disease risk stratification. We have examined prospectively followed firstdegree relatives of patients with type 1 diabetes where we expect genetic contributions to disease development may be enhanced. Moreover, the prospectively followed cohort allowed us to examine effects on both the development of islet autoimmunity and progression to type 1 diabetes. The findings indicate that models in which the total genetic load is quantified will be valuable in stratifying type 1 diabetes risk in neonates.
RESULTS
The CTLA4 SNP rs3087243 and the previously reported IFIH1 SNP rs2111485 (ref. 6) were associated with diabetes development in the BABYDIAB cohort (Supplementary Table 1 ). Although many of the SNPs in the other 10 tested gene regions had hazard ratios 41, none was significantly associated with diabetes development when examined alone in the cohort. We therefore asked whether combining information from multiple SNPs would aid risk stratification. For all 12 gene SNPs, a score of 2 was given if the child was homozygous for the susceptible allele, 1 if heterozygous and 0 if homozygous for the non-susceptible allele. The sum of the scores for the 12 genes was assigned as the combined risk score for each child. Scores ranged from 6 to 21 (median, 14; interquartile range, [12] [13] [14] [15] . The distribution of the combined risk sores was different in the 47 children who developed type 1 diabetes (mean, 14.7 ± 2.4) as compared with the 1243 who had not developed diabetes (mean, 13.6±2.2; P ¼ 0.001; Figure 1 ).
Receiver operator curve (ROC) analysis was performed on the combined risk scores in order to identify thresholds that may be helpful in type 1 diabetes risk stratification (Supplementary Figure 1) . Points of inflexion in the ROC curve could be observed at scores of o12 and 415, representing the lower 14.6% and upper 19.9% of scores, respectively. As predicted from the ROC analysis, these thresholds were able to stratify diabetes risk in the cohort from 0% by 14 years in children with scores o12, 2.8% (95% confidence interval (CI) 1.6-4.0; P ¼ 0.037 vs o12) by 14 years in children with scores 12-15 and 7.1% (95% CI 3.8-10.4; P ¼ 0.001 vs o12; P ¼ 0.003 vs 12-15) by 14 years in children with scores 415 (Figure 2a ). Diabetes risk stratification was particularly strong in children who also had HLA-risk genotypes (Figure 2b , Table 1 ). Overall, 58 (4.5%) of the 1290 children with full genotypes had high-risk HLA genotypes plus a combined risk score of 415. The risk for type 1 diabetes was 25.2% (95% CI 13.5-36.9) by age 14 years in these 58 children.
Because the total set of genes examined proved effective in type 1 diabetes risk stratification, we asked whether there were particular combinations that were important for diabetes risk prediction in the cohort. The total number of combinations with the 12 SNPs is 4095. To determine which combinations and which genes were likely to be most useful in stratifying risk, ROC plots were performed and the area under the curve (AUC) calculated for all 4095 combinations in the total cohort and in the 291 children with HLA-risk genotypes (Figure 3, Supplementary Figure 2 ). ROC analysis was performed for both diabetes and islet autoantibodies (positive for insulin autoantibody (IAA), glutamic acid decarboxylase (GAD), insulinoma antigen 2 (IA-2) or zinc transporter 8 (ZnT8) autoantibodies in at least two consecutive samples) as outcomes. First, we reasoned that if the AUC of the 4095 combinations were collectively significantly 40.5, the gene set was likely to be helpful in discriminating type 1 diabetes or islet autoantibody risk. Accordingly, the median AUC for ROCs using diabetes outcome was 0.588 (P ¼ 0.001) in the whole cohort and 0.656 (Po0.001) in the HLA-risk children, and the median AUC using islet autoantibody outcome was 0.521 (P ¼ 0.945) in the whole cohort and 0.573 (P ¼ 0.02) in the HLA-risk children (Supplementary Figure 2) . AUCs were greater when diabetes was used as the outcome as compared with islet autoantibodies (Po0.0001), suggesting that the genes were more relevant to the development of diabetes than to the development of islet autoimmunity. AUCs were also significantly higher in children with high-risk HLA than in the total cohort (Po0.0001), suggesting that some gene effects were dependent upon the presence of HLA-susceptible genotypes and/or that their effect on susceptibility is more pronounced in children with high a priori risk.
Next, we anticipated that some genes would be more useful in combinations than others and examined the prevalence of individual gene SNPs in the combinations that yielded highly significant AUCs. Because the highest risks were obtained for diabetes outcome in HLA-risk children, we used this as the outcome and data set to establish the model. Representation of the genes included in combinations as a function of AUC P-values Figure 1 . Non-HLA gene SNP-risk allele score distribution. Distribution of risk allele scores derived from 12 type 1 diabetes susceptibility genes (ERBB3 rs705704, PTPN2 rs1893217, IFIH1 rs2111485, PTPN22 rs6679677, KIAA0350 rs12935413, CD25 rs11594656, CTLA4 rs3087243, SH2B3 rs3184504, IL2 rs4505848, IL18RAP rs917997, IL10 rs3024505 and COBL rs4948088 SNPs) in nondiabetic islet autoantibody-negative BABYDIAB children (unfilled bars) and in BABYDIAB children who progressed to type 1 diabetes (filled bars). Figure 4a . SNPs from four genes (CTLA4, PTPN22, IL18RAP and IFIH1) were almost always present in combinations that gave highly significant AUCs (Figure 4a ). In contrast, the IL2 gene SNP was infrequent in such combinations. Overall, there were 161 (3.9%) gene combinations that resulted in AUC with P-values o0.0001 for diabetes as an outcome in the HLA-risk children. These 161 combinations contained between 4 and 11 of the 12 gene SNPs. Heat maps show which genes were represented in these 161 gene combinations ( Figure 4b ). SNPs in the CTLA4 gene (97% of the combinations), PTPN22 (92%), IL18RAP (92%), and IFIH1 (84%) were highly represented. INS gene polymorphisms are also associated with type 1 diabetes risk and have hazard ratios that exceed those of the 12 genes examined in the current study. 2, 4, 11 We therefore added the INS genotype to the 12 SNPs and performed ROC analysis on the 8191 possible combinations. Remarkably, 1117 combinations had an AUC with Po0.0001 and 117 combinations had an AUC with Po10 À 5 (Supplementary Figure 3) . Again, the CTLA4 gene (99% of the combinations), PTPN22 (97%), IL18RAP (91%) and IFIH1 (89%) were highly represented in these 117 combinations, together with the INS gene (97%).
Having demonstrated that the ROC analysis was able to identify gene combinations that were strongly associated with type 1 diabetes, we examined risk stratification for the gene set yielding the highest AUC. The maximum AUC achieved for any of the 12 gene SNP combinations was 0.732 (P ¼ 7 Â 10 À 6 ), and included eight genes (IFIH1, CTLA4, PTPN22, IL18RAP, SH2B3, KIAA0350, COBL, ERBB3) for diabetes outcome in the children with HLA-risk genotypes. Discrimination between children who did and did not develop diabetes was significantly better with this set of eight genes than with the combination of all 12 genes (P ¼ 0.046). The ROC curve for the highest diabetes-risk gene combination was analyzed and categories for high intermediate and low risk were assigned based upon sensitivity/specificity trade-off (Supplementary Figure 4 ). Risk stratification with these categories was effective for diabetes ( Figure 5a ) with risk ranging from 0% by age 14 years for children in the low-risk score category to 26.9% (95% CI, 15.2-38.6%) for children in the high-risk score category (Po0.0001 high-risk vs moderate-risk scores; P ¼ 0.004 high-risk vs low-risk scores). The high-risk score category identified 65 (22%) of the genotyped HLA-risk children, including 16 (55%) of the 29 HLA-risk children who developed diabetes by 14 years of age. The Abbreviations: CI, confidence interval, HLA, human leukocyte antigen; PV, predictive value. a Sensitivity and specificity are calculated from the number of children who did or did not develop diabetes without considering time of follow-up. Because a number of children were not followed for 14 years, the values may change with more follow-up. Finally, the children were prospectively followed for the development of islet autoantibodies and diabetes, providing the opportunity to assess where the combined set of genes affected the preclinical pathogenesis. The three categories significantly modified risk for islet autoantibodies (low scores, 0% by 14 years of age; moderate scores, 20%; and high scores, 37%; P ¼ 0.001; Figure 5b ), and for progression to diabetes from the first appearance of islet autoantibodies (moderate scores, 40% by . The analysis is done for diabetes outcome in children who carry high type 1 diabetes risk HLA genotypes as defined by the TEDDY study. . Cumulative risk for the development of type 1 diabetes and islet autoantibodies by the eight gene-combined risk allele score. Kaplan-Meier analysis of diabetes development (a), islet autoantibody development (b) and progression from the age of islet autoantibody development to diabetes in islet autoantibodypositive children (c). The analysis was performed in the BABYDIAB children who carry high type 1 diabetes risk HLA genotypes as defined by the TEDDY study. 19 The eight genes used to calculate scores were those that provided the highest ROC AUC for diabetes outcome in these children (IFIH1, CTLA4, PTPN22, IL18RAP, SH2B3, KIAA0350, COBL and ERBB3). Categories are o6 risk alleles (dotted line), 6-9 risk alleles (dashed line) and 49 risk alleles (solid line). P-values are calculated by the log-rank test. Numbers under the abscissa are the number of children still followed at each time point. 10 years; high scores, 80% by 10 years; P ¼ 0.03; Figure 5c ), suggesting that this combination of eight genes affects both the onset of islet autoimmunity and progression to diabetes.
DISCUSSION
Allelic variations at numerous loci affect type 1 diabetes susceptibility.
1,2,4 Apart from HLA class II genes and the INS gene, the remainder are associated with relatively small odds ratios. [1] [2] [3] [4] [5] We considered that the risk conferred by these loci may be cumulative and show here that the sum of risk alleles for 12 type 1 diabetes susceptibility SNPs could stratify risk for disease in firstdegree relatives, and in particular when combined with HLA class II genotype. We further provide a model for identifying combinations of genes to obtain maximal disease risk stratification. Using this model, we show that scores derived from combinations of genes provided significant increased discrimination over that which could be achieved by any single gene, and that the highest discrimination was obtained when combining HLA susceptibility with SNPs from 8 of the 12 susceptibility genes.
The study was intended to provide a proof of principle. It is not exhaustive in the type 1 diabetes susceptibility genes examined and it was performed in prospectively followed first-degree relatives of patients. Although it cannot be assumed that findings in relatives will also apply to children from unaffected families, relatives are currently the main contenders for recruitment into prevention studies and therefore of practical relevance. 12 Furthermore, because the majority of these type 1 diabetes susceptibility genes were identified in unselected case-control cohorts, 1,2 we suggest that inclusion of combinations of these and other SNPs will also improve the identification of at-risk neonates with no a priori family history of type 1 diabetes. A limitation of our study is the number of children who developed diabetes during follow-up and the absence of a confirmatory cohort. Therefore, it will be important to test the strategy in other cohorts. Although larger cohorts may not identify the same gene combinations and risk scores as those described for the BABYDIAB cohort, we expect the strategy to be robust and that the general findings will be confirmed. Another limitation is that only 12 non-HLA type 1 diabetes susceptibility genes were typed and analyzed. The findings may have differed with respect to the number and identity of genes that stratify type 1 diabetes risk and the degree of stratification that can be achieved if additional type 1 diabetes susceptibility genes were included.
The study has a number of important strengths. First, it provides a novel approach to maximize the effectiveness of combinations of risk factors for disease prediction. Here we apply it to gene combinations. Importantly, over 100 different combinations from 12 gene SNPs plus HLA could discriminate future patients from controls with Po0.0001. Some genes were frequent in these highdiscrimination combinations (CTLA4, PTPN22, IL18RAP and IFIH1), and indeed these four genes alone could discriminate cases from controls at relatively high P-value (0.00009). The addition of INS gene polymorphisms provided even greater discrimination. It is notable, however, that a number of combinations that included variable gene sets with respect to the number and the identify of genes achieved high ROC AUCs. It is also notable that the maximum discrimination was achieved by HLA plus eight of the non-HLA genes, which is less than the full complement of genes analyzed. These observations are relevant to the application of risk gene combination to other populations. We predict that different combinations of genes may achieve high discrimination in ethnically or environmentally diverse populations. A limitation of the ROC analysis on gene combinations we described is that in its current form, it does not consider time to event and therefore loses some of the benefit of prospective follow-up data, its assessment of performance and identification of thresholds. Second, scores did not consider dominant and recessive effects of susceptible alleles, nor the weight of genes in conferring susceptibility. Incorporating modifications to consider these aspects may enhance the performance of the approach.
A second strength of our study is that it applies risk stratification to a prospectively followed cohort, in which timing of autoimmunity and diabetes onset is monitored. This allowed assessment of effects on both development of autoimmunity and progression to diabetes. We have previously seen effects of genes, such as IFIH1, on progression rather than the development of autoimmunity. 6 Here we see that the combination of genes affects both the development of autoimmunity and progression. We therefore expect that some of the eight genes included in the final stratification influence events that lead to autoimmunity, and others influence events that occur after the initiation of autoimmunity. Also, informative is the observation that the non-HLA gene combinations were more discriminatory for type 1 diabetes in children who already present with HLA-risk genotypes than in the unselected cohort. Much of this will be explained by the Bayesian principles due to the increase in a priori risk, but we cannot exclude that some of the genes exert susceptibility in the presence of HLA-risk genotypes.
The prospective nature of the study allowed us to examine risk stratification using time to event analyses. Diabetes risk was around 25% in the highest risk categories. Remarkable was that this risk was achieved without substantial loss in sensitivity. Screening by TEDDY HLA genotypes plus non-HLA gene SNP combination scores would have preselected o5% of all the firstdegree relatives for follow-up. These relatively few relatives would have included over one-third of all diabetes cases that occurred by 14 years of age in the whole BABYDIAB cohort. Such numbers are approaching as to what may be practical for multicenter early primary prevention studies using type 1 diabetes rather than islet autoimmunity as their primary outcome measure.
This proof of principle study provides an approach to the analysis and use of combinations of weak odds ratio SNPs to help stratification of type 1 diabetes risk. It is versatile and can include additional genes and other risk factors in developing risk algorithms. It is likely that it can be further improved by weighting of individual genes and/or genotypes within genes. We suggest that once this is applied and tested in additional cohorts, it may serve as a model for identifying risk combinations that can effectively stratify risk for type 1 diabetes well beyond what is currently achieved by HLA and family history alone.
SUBJECTS AND METHODS

Study cohort, participants and samples
The study was performed in children from the BABYDIAB study, a longitudinal study examining the natural history of islet autoimmunity and type 1 diabetes in 1650 children born to a mother or father with type 1 diabetes. 13 Recruitment began in 1989 and ended in 2000. All children were recruited from Germany. The cohort is not population based and 97% of families are German Caucasian. Venous blood samples were obtained from children at study visits scheduled at 9 months, and at 2, 5, 8, 11, 14, 17 and 20 years of age. Autoantibodies against IAA, GAD autoantibody, IA-2 autoantibody and ZnT8 autoantibody were measured in samples taken at all scheduled visits, and every 6 months in children with islet autoantibodies. The median follow-up time from birth to last sample was 12.5 years (interquartile range, 6.5-15.5 years) and from birth to last contact was 14.1 years (interquartile range, 11.9-15.6 years). The BABYDIAB study was approved by the ethical committee of Bavaria, Germany (Bayerische Landesärztekammer no. 95357). All families gave written informed consent to participate in the study. Investigations were carried out in accordance with the principles of the Declaration of Helsinki, as revised in 2000.
Follow-up for diabetes
Families were asked to report the occurrence of symptoms of diabetes. In children with islet autoantibodies, a yearly oral glucose tolerance test was Type 1 diabetes gene combinations C Winkler et al performed. Diabetes onset was defined according to the American Diabetes Association criteria, which include unequivocal hyperglycemia with acute metabolic decompensation, or the observation on at least two occasions of a 2-h plasma glucose 4200 mg dl À 1 after an oral glucose challenge, or a random blood glucose 4200 mg dl À 1 if accompanied by unequivocal symptoms. Since 1997, fasting blood glucose 4126 mg dl À 1 on two occasions was added to the diabetes diagnosis criteria. 14 
Islet autoantibody measurements
IAA, GAD autoantibody, IA-2 autoantibody and ZnT8 autoantibody were determined centrally by the Institute of Diabetes Research Munich using radiobinding assays as previously described. 13, 15 Briefly, IAAs were measured by protein A/G radiobinding assays using [ 125 I]-recombinant human insulin labeled at tyrosine amino acid 14. GAD autoantibody, IA-2 autoantibody and ZnT8 autoantibody were measured separately by protein A radiobinding assays using [
35 S]-methionine-labeled in vitro transcribed/translated recombinant human GAD65, IA-2ic and the carboxyterminal portion of ZnT8 for the two major variants at amino acid 325, respectively. The upper limit of normal for each assay was determined using Q-Q plots and corresponded to the 99th percentile of control children. Offsprings were considered islet autoantibody-positive when two consecutive samples collected after birth were positive. Islet autoantibody assays were evaluated by the Diabetes Autoantibody Standardization Program (laboratory 121). 16, 17 Genotyping HLA class II alleles HLA-DRB1, HLA-DQA1 and HLA-DQB1 were determined using PCR-amplified DNA and nonradioactive sequence-specific oligonucleotide probes as described previously. 18 Children were defined as having a high-risk HLA genotype on the basis of whether they had one of the TEDDY study inclusion genotypes for first-degree relatives: DR4-DQA1*030X-DQB1*0302 @ /DR3-DQA1*0501-DQB1*0201; DR4-DQA1*030X-DQB1*0302 DR4-DQA1*030X-DQB1*0302/ DR4-DQA1*030X-DQB1*0304; DR4-DQA1*030X-DQB1*0302 @ /DR9-DQA1*030X-DQB1*0303; and DR3-DQA1*0501-DQB1*0201/DR9-DQA1*030X-DQB1*0303; where @ includes DQB1*0302 and *0304. 19 Additional type 1 diabetes susceptibility gene SNPs were considered and selected for typing on the basis of the genes that were reported to be susceptible in 2008/2009, the strength of their odds ratio and the SNPtypings that were successful when establishing the typing in Munich. This resulted in 12 SNPs from 12 genes: ERBB3 rs705704, PTPN2 rs1893217, IFIH1 rs2111485, PTPN22 rs6679677, KIAA0350 rs12935413, CD25 rs11594656, CTLA4 rs3087243, SH2B3 rs3184504, IL2 rs4505848, IL18RAP rs917997, IL10 rs3024505 and COBL rs4948088. Genotyping of these SNPs was performed with the MassARRAY system using the iPLEX chemistry (Sequenom, San Diego, CA, USA) as previously described. 6 To control for reproducibility, 16.3% of samples were genotyped in duplicate with discordance rate o0.5%. All SNPs were tested for deviation from Hardy-Weinberg equilibrium by means of Chi-square or Fisher's exact test. DNA samples for HLA genotyping were available from 1488 children and for genotyping of the additional type 1 diabetes risk genes from 1380 children. The number of children who were successfully typed are listed in Supplementary Table 1. Complete successful typing for HLA and all 12 additional type 1 diabetes genes were obtained for 1290 children. INS gene polymorphisms were obtained on 1382 children as previously described, 11 and including 1288 of those with HLA and all 12 gene SNP data.
Risk scores
A total risk score was created for each child by counting the total number of risk alleles across all SNP genotypes similar to what was previously described for obesity 20 and coronary artery disease. 10 Only one variant at each locus was chosen and only children with complete genotype data at all 12 variants were included in score analyses (n ¼ 1290 children). Risk scores were generated for all possible permutations of the 12 gene SNPs, considering any number of genes in the permutation, that is, 1-12 gene SNPs with a total of n ¼ 2 12 À 1 ¼ 4095 permutations. This increased to n ¼ 2 13 À 1 ¼ 8191 permutations when the INS genotype was also included. Risk scores for these permutations were generated using MATLAB software (R2011a; The MathWorks Inc., Nattick, MA, USA). Each permutation was treated as a separate risk score model.
Statistical analysis
Outcomes used for analyses were either type 1 diabetes or islet autoimmunity (defined as positive for antibodies to any of IAA, GAD, IA-2 or ZnT8 in at least two consecutive samples). Analyses were also performed in the total cohort and selectively in children who had high-risk HLA genotype. Total risk scores for the 12 gene SNP model were compared between children with and without diabetes using Student's t-test. ROC analysis 21, 22 was used to assess the performance of risk score models in classification of outcome. The AUC and the significance (P-value) of the AUC as compared with an AUC with no case-control discrimination (0.5) were used as assessment of risk score models. The ROC analysis was repeated for all possible permutations. The significance of outcome classification by the risk score models was assessed using a permutationbased empirical P-value in which the median AUC of all possible combinations (risk score models) was compared with the median AUC of 1000 data sets with randomly shuffled class assignments.
Cumulative risk of type 1 diabetes development and development of islet autoimmunity was estimated by life table analysis. Follow-up was calculated from birth to the age of diagnosis of diabetes and to the age when islet autoimmunity first developed, or to the last contact/sample. Within islet autoantibody-positive children, life table analysis was used to calculate the risk of progression to type 1 diabetes. The length of follow-up was calculated from the age when islet autoimmunity first developed to the age of diagnosis of type 1 diabetes, or to the last contact. Risk score categories used in life table analyses were assigned as low, moderate and high by examining ROC curves for inflexion points (Supplementary Figure 1) . Comparisons between categories were made using the log-rank test. Hazard ratios were determined using Cox proportional hazards model (with and without adjustment for HLA genotype).
Throughout the manuscript, CIs represent s.d. or 95% CIs. Two-tailed P-values are used without correction. The statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS 19.0; SPSS Inc., Chicago, IL, USA) and MATLAB (R2011a; The MathWorks Inc.).
